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Abstract
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Droplet microfluidics performed in poly(methylmethacrylate), PMMA, microfluidic devices
resulted in significant wall wetting by water droplets formed in a liquid-liquid segmented flow
when using a hydrophobic carrier fluid, such as perfluorotripropylamine (FC-3283). This wall
wetting led to water droplets with non-uniform sizes that were often trapped on the wall surfaces
leading to unstable and poorly controlled liquid-liquid segmented flow. To circumvent this
problem, we developed a two-step procedure to hydrophobically modify the surfaces of PMMA
and other thermoplastic materials commonly used for making microfluidic devices. The surface
modification route involved the introduction of hydroxyl groups by oxygen plasma treatment of
the polymer surface followed by a solution phase reaction with heptadecafluoro-1,1,2,2–
tetrahydrodecyl trichlorosilane dissolved in the fluorocarbon solvent FC-3283. This procedure was
found to be useful for the modification of PMMA and other thermoplastic surfaces, including
polycyclic olefin copolymer (COC) and polycarbonate (PC). Angle-resolved X-ray photoelectron
spectroscopy indicated that the fluorination of these polymers took place with high surface
selectivity. This procedure was used to modify the surface of a PMMA droplet microfluidic device
(DMFD) and was shown to be useful to reduce the wetting problem during the generation of
aqueous droplets in a perfluorotripropylamine (FC-3283) carrier fluid and could generate stable
segmented flows for hours of operation. In the case of the PMMA DMFD, oxygen plasma
treatment was carried out after the PMMA cover plate was thermally fusion bonded to the PMMA
microfluidic chip. Because the appended chemistry to the channel wall created a hydrophobic
surface, it will accommodate the use of other carrier fluids that are hydrophobic as well, such as
hexadecane or mineral oils.

Introduction
Droplet microfluidics—also called two-phase flows, liquid-liquid segmented flows or plugbased microfluidics—consists of a stream of nano- to picoliter-sized droplets or plugs
generated in a stream of an immiscible carrier liquid.1-4 High rates of droplet generation, on
*TUNNEL@LSU.EDU; CHSOPE@LSU.EDU
Supporting information: Water contact angle data for PC, PC-O, PC-O-F, COC, COC-O and COC-O-F surfaces. X-ray
photoelectron spectra of PC, PC-O, PC-O-F, COC, COC-O and COC-O-F surfaces, as well as angle-resolved XPS data for PC, PC-O,
PC-O-F, COC, COC-O and COC-O-F surfaces. Fluorescent and bright field images of PMMA cover plates removed from the
enclosed DMFD after 10 min oxygen plasma treatment followed by DTAF labeling along with the control unmodified PMMA cover
plate.
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the order of a few thousand droplets per second, can be achieved.5 These droplets can also
be manipulated, for example fusing them with other droplets1 so that the contents of the two
droplets mix rapidly by chaotic advection.6 Some of the advantages of droplet flow over
continuous flow include low reagent consumption and improved heat transfer7 due to the
high surface-to-volume ratio of the droplets. The presence of specific reagents within the
droplets can limit their hydrodynamic dispersion.8,9 Further, the interaction of shear and
interfacial forces at the droplet interface with the carrier fluid can induce recirculation of
fluid inside the droplet, as well as the carrier fluid, resulting in rapid mixing of droplet
contents.7
Each droplet can act as an independent reactor. This characteristic, along with low
dispersion and fast mixing, has been shown to be useful in a number of compelling
applications such as continuous segmented flow polymerase chain reactions (PCRs),10, 11
blood group sorting,12 and fabrication of Janus,13 ternary14 and magnetic hydrogel
particles.15 Also, droplet microfluidics has been shown to be useful to optimize protein
crystallization conditions.16 Furthermore, the capability to produce uniform droplets and
their rapid mixing8, 17, 18 has lead researchers to explore its potential to replace conventional
micro-titer plates for high-throughput screening in drug discovery applications.19
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Initially, microfluidic devices were predominately made from glass substrates.20 Glass
devices prepared using lithographic methods adopted from the microelectronics industry
facilitated the production of devices with excellent dimensional quality. Glass-based devices
also offered high optical clarity and compatibility with many organic solvents, such as those
used as carrier fluids in segmented flows to support the production of aqueous droplets.
Later, polydimethylsiloxane, PDMS, was introduced for the fabrication of microfluidic
devices,20, 21 and it is now widely used for the fabrication of droplet microfluidic devices
due to the ease of preparation.1 Glass and PDMS-based devices have well defined surface
chemistries that can be employed to modify the surface properties of the material making
these surfaces wettable to an organic carrier fluid frequently used in droplet microfluidics.
Unfortunately, PDMS and glass microfluidic devices are not suitable for the large-scale
production of devices for a variety of reasons.22
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Development of droplet microfluidic devices using thermoplastics as a substrate, which can
be replicated from mold masters using hot embossing or injection molding, lends itself to the
high production of microfluidic chips with high fidelity and at low-cost, unique to this
substrate material.23, 24 Common thermoplastic materials used for microfluidics includes,
but not limited to, poly(methylmethacrylate), PMMA, and cyclic olefin copolymer, COC,
have excellent optical properties (low autofluorescence) and are readily shaped using
techniques such as hot embossing or injection molding. In addition, polymers have a diverse
array of surface chemistries with some exhibiting poor wettability or even incompatibility
with many of the common hydrophobic carrier fluids, which can generate unstable
segmented flows.25 This limitation could possibly be minimized by appending a
hydrocarbon, especially those that are fluorinated, to the surface of the microfluidic channels
to make them more wettable by the carrier fluid.25 Several methods have been reported in
the literature to introduce hydrophobic fluorinated layers on polymeric surfaces and these
include direct fluorination using fluorine gas,26 plasma polymerization27 and coatings.28
However, such procedures require careful handling of reactive gases.
A simpler approach to realize surface fluorination of materials is surface chemical
modification using a perfluoro-silane. For example, attachment of silane-containing moieties
onto polymer surfaces has been reported using both solution and gas-phase routes.29-31 For
solution-based silane modification, the commonly used solvents are toluene and chlorinated
hydrocarbons. Toluene can be used only for a select group of polymers, and chlorinated
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hydrocarbons can cause swelling or dissolve polymer substrates, making such a route
unfeasible for the surface modification of a number of polymers. Hence, reactions of silanes
with polymer surfaces are most commonly carried out in the gas phase.25, 29-31 However,
gas-phase reactions can often lead to multilayers of silanes,30 thereby leading to a lack of
control over the thickness of the silane layer.
This paper reports a simple surface modification procedure for polymeric droplet
microfluidic devices (DMFDs) that lead to the generation of stable aqueous droplet trains in
a continuous liquid-liquid segmented flow system. The general strategy involved an oxygen
plasma treatment that introduced oxygen containing groups onto the polymer surface, such
as hydroxyl groups, that were then used as a functional scaffold to which silanizing reagents
were covalently attached to the polymer surface.30 In this work, we used a perfluorinated
silane dissolved in a perfluorinated solvent to form fluorinated layers on a variety of
polymer substrates used to construct microfluidic devices. The modification protocol did not
detrimentally affect the topography of the underlying polymer substrate, but yet was a good
solvent for the perfluoro-silane reaction. The reported method was shown to be useful for
the surface selective incorporation of perfluoro-silane on a number of polymer films as well
as polymers shaped via molding into fluidic structures.

Experimental
NIH-PA Author Manuscript

Materials
PMMA sheets (250-μm thick, ME303005) were purchased from Goodfellow, Oakdale, PA.
COC sheets (250-μm thick) were purchased from Topas, Florence, KY. Polycarbonate, PC,
sheets (500-μm thick) were purchased from SABIC polymer shapes, New Orleans, LA.
PMMA sheets (GE EXAN 9034, 2.36-mm thick) were obtained from Modern Plastics,
Bridgeport, CT. FC-3283, perfluorotripropylamine, was obtained from 3M Corporation, StPaul, MN. Heptadecafluoro-1,1,2,2-tetrahydrodecyltrichlorosilane
(CF3(CF2)7CH2CH2SiCl3) was obtained from Gelest. 1H, 1H, 2H, 2H-Perfluorooctanol,
97%, was obtained from Alfa Aesar, Ward Hill, MA. 5-(4,6dichlorotriazinyl)aminofluorescein, DTAF, was obtained from Molecular Probes and
dichloromethane was obtained from Sigma-Aldrich. Instrumentation. Sessile water drop
contact angle measurements were obtained using a VCA 2000 contact angle system
equipped with a CCD camera (VCA, Billerica, MA). For each measurement, 2 μL of
deionized water (18 M cm) was placed on the polymer surface using a syringe and the
contact angle of the water droplet was measured immediately using the software provided by
the manufacturer. The measurements were repeated at least five times at separate positions
on a given substrate and the average values were reported.
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X-ray photoelectron spectra (XPS) were acquired using a Kratos AXIS 165 system with a
monochromatic AlKα source and a hemispherical electron energy analyzer as reported
earlier.32 The pressure in the analyzing chamber was less than 3 × 10−9 Torr. The normalemission, angle-integrated, high-resolution scans with 15–20 eV windows and pass energy
of 40 eV were acquired for the C1s, O1s, F1s and Si2p regions. The reported binding
energies were based on the analyzer energy calibration (Au 4f measured at 84.0 eV for all
samples). The peaks in the high-resolution elemental spectra were fit using the software
supplied with the instrument. A linear background was used for the data processing.
Scanning force microscopy (SFM) was used to determine the surface roughness and
topographies of the unmodified, oxygen plasma-treated and perfluorosilane-treated polymer
surfaces using a Digital Instruments Nanoscope III multimode scanning force microscope in
noncontact force mode (Tapping mode). The images were treated by use of the flatten
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algorithm of the Nanoscope software. Root-mean-square (rms) roughness values were
calculated using the instrument software.
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Ellipsometric thicknesses were determined using a Rudolph Research Auto EL III
ellipsometer possessing a He-Ne laser (632.8 nm) at an angle of incidence of 70°.32 Six
separate points were measured on each sample and the readings were then averaged and
reported with an error of ±1 standard deviation unit. The optical constants of bare Au were
obtained from Au surfaces that were cleaned by exposure to a low-pressure mercury UV
lamp for 30 min (so-called UV Ozone method)33 and washed with ethanol, followed by
rinsing with deionized water and dried in a stream of dry nitrogen. Then, the cleaned Au
slides were coated with a thin layer of PMMA by spin coating a 2% (w/v) PMMA/CH2Cl2
solution onto the slides. The thickness of the PMMA coating was calculated using the
optical constants of Au and a parallel three-layer model34 with an assumed refractive index
of 1.45 for the PMMA layer.35 The PMMA-coated Au slides were then immersed in
FC-3283 for 2 h. The slides were removed and washed with FC-3283, isopropanol, 50% (v/
v) isopropanol/DI water, DI water, and finally dried under a flow of nitrogen. Following this
procedure, the thickness of the PMMA layer was once again measured.
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Photographs of droplet wetting/non-wetting on PMMA surfaces were obtained using an
Axiovert 200M microscope (Carl Zeiss, Thornwood, NY). PMMA microfluidic devices
were fixed onto a programmable motorized stage of the microscope and video images were
collected during each experiment at 30 frames per second (fps) using a monochrome CCD
camera (JAI CV252, San Jose, CA).36
Surface fluorination
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Surface fluorination was carried out using a two-step procedure. In the first step, the
polymer surface was treated with an oxygen plasma and in the subsequent step, the oxidized
polymer surface was treated with heptadecafluoro-1,1,2,2–tetrahydrodecyl trichlorosilane
(HFTTCS). Oxygen plasma treatment was carried out using an RF (13.56 MHz) plasma
reactor system (PDC-3XG, Harrick Plasma, Ithaca, NY) at 30 W. In the second step, the
oxygen plasma-modified polymers were treated for 2 h with a 1 mM solution of
heptadecafluoro-1,1,2,2–tetrahydrodecyl trichlorosilane in FC-3283. The surfaces were
rinsed sequentially with FC-3283, isopropanol, 50% (v/v) isopropanol/water mixture and
finally with water. Then, the modified surfaces were dried under a flow of dry nitrogen.
Microchip fabrication. All microfluidic devices were formed by hot embossing using a
micromilled brass molding tool.37 The mold master with the fluidic features was
micromachined on a 4.75″ diameter brass substrate (Alloy 353, McMaster-Carr, Atlanta,
GA) using a KERN MMP 2522 (KERN Micro- und Feinwerktechnik GmbH, MurnauWestried, Germany) micromilling machine. The brass molding tool was used to thermoform
chips in PMMA sheets using hot embossing (HEX02, JENOPTIK Mikrotechnik, Jena,
Germany). After post-processing, including cutting the chips and drilling holes at the inlet
and outlet reservoirs of the devices, they were cleaned using the following sequence of
events; soaked in a mild detergent solution (1% (v/v), 5 min); ultrasonic agitation (2 min) to
remove the organic lubricant used to assist in demolding and rinsed with deionized water.
After machining and cleaning, the microfluidic devices were dried at 95°C (20 min) in a
temperature-controlled oven and thermal fusion bonded to a 250-μm thick PMMA cover
plate at 104°C for 20 min.
The design of the fabricated droplet generation devices is shown in Figure 1. Capillary tubes
with a 175-μm inner diameter (1577 PEEKTM tube, Upchurch Scientific Inc., Oak Harbor,
WA) were connected to the access holes of the device and sealed with epoxy (5-minute
Epoxy, Devcon, Danvers, MA). The cross-sectional dimensions of the injection channels
were 50 μm × 50 μm with a test channel containing dimensions of 200 × 200-μm. The
Langmuir. Author manuscript; available in PMC 2012 September 16.
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diameter of the droplet generated at the cross-junction was larger than the width of the
injection channels. Expanding the cross sectional area from the injection (50 μm × 50 μm)
to the test (200 μm × 200 μm) channels enabled observations of the aqueous spherical
droplets without contact with the channel walls and clear visualization of possible wetting.
Liquid-liquid segmented flow experiments
Liquid-liquid segmented flow experiments were carried out using a droplet microfluidic
device as shown in Figure 1. FC-3283 (oil) containing 10% (v/v) nonionic fluoro-soluble
surfactant, 1H, 1H, 2H, 2H-Perfluorooctanol (PFO), was introduced into the carrier fluid
inlet (Figure 1) and deionized water was introduced into the dispersed fluid inlet (Figure 1).
The water stream was combined with the immiscible fluorocarbon oil in two directions that
were perpendicular to its path at the cross-junction as shown in Figure 1A. A combination of
shear and interfacial forces at the interface between the water and oil streams generated
continuous mono-dispersed droplets or plugs in the central channel past the cross junction.
This stream of droplets in the carrier oil expanded into the test channel as shown in Figure
1B and traveled through a serpentine channel (see Figure 1C). Observations of the droplet
flow at three different locations within the test channel were carried out for both unmodified
and modified polymer microchannels.

Results and Discussion
NIH-PA Author Manuscript

We first attempted to use gas-phase reactions with HFTTCS to fluorinate a PMMA surface.
Oxygen plasma-treated PMMA surfaces were exposed to HFTTCS vapor for 2 h so as to
generate the fluorinated surface. These reactions produced a white film on the PMMA
surface possessing water contact angles >145°. PMMA surfaces that were not plasma treated
and exposed to HFTTCS vapors for 2 h also had a white film coating with a water contact
angle >145°. These observations indicated that the high water contact angle was due to
physisorbed HFTTCS.
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We next investigated whether the fluorocarbon liquid FC-3283 could be used as a solvent
for the fluorination reaction using PMMA as the substrate material. We found that
heptadecafluoro-1,1,2,2–tetrahydrodecyl trichlorosilane was soluble in FC-3283. Then, we
tested whether FC-3283 was compatible with PMMA. This was done by preparing a thin
layer of PMMA on a clean Au slide prepared by spin coating PMMA dissolved in
dichloromethane on the Au slide with subsequent drying of the slide in an oven at 60 °C for
2 h (ellipsometric film thickness = 48.1 ±1.2 Å). Then, the PMMA-coated Au slide was
immersed in an FC-3283 solution for 2 h, washed with FC-3283, isopropanol, 50% (v/v)
isopropanol/water mixture and rinsed with water and finally dried in dry nitrogen (PMMA
layer thickness = 48.5 ±1.5 Å). The thickness of the PMMA layer did not change as a result
of subjecting it to the FC-3283 solution indicating that this solution was compatible with the
PMMA substrate.
Fluorination of planar PMMA surfaces
To initially evaluate the two-step fluorination procedure we used planar PMMA films,
which could be interrogated by a variety of surface characterization tools such as XPS. The
modification chemistry is shown in Scheme 1. The first step involved treating the PMMA
films with an oxygen plasma for 30 s; we refer to this functional material as PMMA-O,
which introduced polar oxygen-containing functional groups—including hydroxyl groups—
onto the surface. The X-ray photoelectron spectra of PMMA and PMMA-O surfaces showed
the expected C1s and O1s peaks, Figure 2. The O1s/C1s ratio at a 90° take-off angle was
0.361 for the PMMA-O surface compared to 0.309 for native PMMA indicating the
incorporation of oxygen-containing functional groups.38,39
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In the second step, the activated polymer surface was treated with a 1 × 10−3 M solution of
HFTTCS in FC-3283 for 2 h; these surfaces are referred to as PMMA-O-F. This treatment
step did not affect the transparency of the PMMA substrate and the resulting surface
exhibited a water contact angle of 119° ± 1°. This value is similar to the contact angle value
reported for a monolayer of HFTTCS on silica supported on a silicon wafer.40 A control
PMMA substrate (i.e., without oxygen plasma treatment, referred to as PMMA-F) was also
treated with a 1 × 10−3 M solution of HFTTCS in FC-3283 for 2 h and exhibited a water
contact angle of 65° ± 2°. The contact angle of pristine PMMA was found to be 65 ±2°, the
same as that of PMMA-F indicating that the treatment of PMMA with HFTTCS in FC-3283
did not lead to the adsorption of HFTTCS onto the PMMA surface.
In Figure 2 are shown XPS survey spectra of PMMA, PMMA-O and PMMA-O-F surfaces.
The X-ray photoelectron survey spectrum of the PMMA-O-F surface exhibited a strong F1s
peak and small Si2s and Si2p peaks along with C1s and O1s peaks, confirming that
HFTTCS reacted with the oxygen plasma-treated PMMA surface and generated a
fluorination layer on PMMA. The high-resolution C1s spectrum of the PMMA-O-F
substrate (Figure 3) showed characteristic C1s peaks due to -CF2- and –CF3 along with the
C1s peaks associated with –CH2- , -C-O-, and -C(=O)-OR groups.
Surface selectivity and the nature of the fluoro-silanization reaction on PMMA substrates
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The surface concentration gradient of the HFTTCS layer was measured by angle-dependent
XPS. In angle-dependent XPS measurements, the X-ray photoelectron spectra are recorded
at two or more take-off angles by rotating the sample relative to the analyzer. The
approximate sampling depth, d, at different take-off angles, θ, was determined using
equation (1);41
(1)

where θ is the angle between the sample surface and the emitted electron path to the
analyzer and λ is the inelastic mean free path (IMFP) of the electrons. Approximately 95%
of the photoelectrons detected by the analyzer are emitted from the sampling depth
determined by equation (1). Hence, the maximum sampling depth was obtained while
recording the spectra at a take-off angle normal to the surface (θ = 90°). However, as the
angle of analysis decreases, the sampling depth also decreases.
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The O1s/C1s ratio of the PMMA-O surface obtained at two different take-off angles, 90°
and 30°corresponding to a depth of analysis of 100 Å and 50 Å,42, 43 were 0.361 and 0.362,
respectively. This indicated that oxygen plasma treatment modified the PMMA substrate
more than 100 Å into the surface. The values for depth of analysis at different take-off
angles were obtained using the reported value for the mean free path of the electrons of 33 Å
in PMMA for Al Kα radiation.44 The F1s/C1s ratios obtained at 90° and 30° take-off angles
for the PMMA-O-F surface were 1.347 and 1.364, respectively. The O1s/C1s ratios for the
PMMA-O-F surface at 90° and 30° take-off angles were 0.1768 and 0.1225, respectively.
This data indicated a decrease in oxygen-containing groups with a simultaneous marginal
enhancement of the perfluoro groups within 50 Å of the surface. The X-ray photoelectron
survey spectra also indicated that the amount of surface oxygen groups for the PMMA-O-F
films was reduced considerably compared to the PMMA-O surface as expected for a carbon/
fluorine layer on top of an underlying carbon/oxygen substrate. These results showed that
the reaction of HFTTCS with the PMMA-O surface is limited to the outermost few
nanometers of the PMMA surface.
In order to probe for any possible changes in the topography of the PMMA substrates during
the modification protocol outlined in Scheme 1, SFM was employed to determine the
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surface topology. Surface topographical measurements are important for two reasons: 1)
Determine if the silanization reaction protocol (Scheme 1) would impact the integrity of
micron- and/or submicron-sized structures fabricated into the substrate via molding; and 2)
water contact angle changes imposed by changes in the surface roughness, with higher
surface roughness factors resulting in higher water contact angles for chemically similar
surfaces.45 For example, it has been reported that gas plasma treatment of polymer surfaces
may increase their roughness.30
In Figure S-4 of the Supporting Information are shown typical surface topographs of
PMMA, PMMA-O and PMMA-O-F surfaces obtained by non-contact mode SFM.46 In
comparison to the native (untreated) PMMA surface, which possessed a root-mean-square
(RMS) surface roughness of 2.2 ±0.6 nm and a surface roughness factor (R) of 1.2, the
PMMA-O surface exhibited a set of characteristic features that most likely resulted from
PMMA etching during the oxygen plasma treatment giving rise to a slight increase in the
RMS roughness (5.5 ±0.8 nm) and R = 1.8. The PMMA-O-F surface possessed a
topography similar to that of the PMMA-O surface, but surface features appeared to be less
defined and sharp resulting in an RMS roughness of 4.5 ±0.4 nm and R = 1.7.
Time dependent nature of the fluoro-silanization reaction
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The progress of the fluorination reaction was initially followed by measuring the water
contact angle of the PMMA-O surface upon reaction with HFTTCS at different time
intervals, Figure 4. The water contact angle increased significantly during the first 20 min of
the reaction and then began to level off toward a limiting value of 119 ±1° after 2 h of
reaction with the fluoro-silane reagent. This value is similar to the water contact angle value
reported for HFTTCS monolayers supported on silica/Si wafers.40, 47 Because the surface
roughness of PMMA did not increase significantly during the fluorination process as
outlined above (see Figure S-4), the increase in the water contact angles were primarily due
to the introduction of fluorinated hydrocarbons to the PMMA surface and not roughness
changes in the surface.
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Contact angle measurements using hexadecane as a probe liquid were also carried out as a
function of reaction time (see Figure 4) to evaluate the surface composition. Hexadecane
contact angle (HDCA) measurements have been shown to be sensitive to the degree of
fluorination.47 For example, the HDCA values reported by Weinstein et al. for a series of
partially fluorinated alkanethiol monolayers supported on Au with different numbers of
terminal C-F groups (CF3(CF2)n-1(CH)mSH, n+m = 16) were in the range of 74 to 83°.47
The maximum HDCA value for these partially fluorinated alkanethiol monolayers reported
was 83° for the n = 8 case.47 The HDCA value reported for a CH3(CH2)15SH monolayer
was 51°.47 Hence, HDCA values are sensitive to the hydrocarbon groups but a sufficiently
thick and densely packed fluorocarbon layer can shield the underlying hydrocarbon layer. 47
HDCA values (Figure 4) showed that as the silane reaction time was increased, the amount
of fluorinated surface groups increased as well. After 2 h of exposure to the fluorosilane
reagent, the resulting PMMA-O-F surfaces possessed a HDCA value of 80 ±2°, indicating
good coverage of the HFTTCS layer on the PMMA surface. The HDCA value increased
from 8° for the PMMA-O surface (reaction time = 0 min) to 80° for the 2 h HFTTCS treated
surface indicated that the fluorinated chains of the HFTTCS layer are sufficiently densely
packed after a reaction time of 2 h. As a result, a reaction time of 2 h was selected for all
subsequent studies.
We also monitored the time-dependency of the fluoro-silanization reaction via angleresolved XPS and the results of which are summarized in Table 1. For a HFTTCS reaction
time of 1 h, there was a significant difference between the F1s/C1s ratio at a 30° take-off
Langmuir. Author manuscript; available in PMC 2012 September 16.
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angle (1.003) compared to that at 90° (0.816). Recalling that these take-off angles yield
escape depths of approximately 50 Å and 100 Å, respectively, it is evident from the data
shown in Table 1 that the surface density of the perfluoro chains was not uniform over the
beam sampling area for a 1-h reaction time. However, for a 2-h reaction time, the difference
between these ratios was marginal with F1s/C1s ratios being 1.364 (30°) and 1.347 (90°).
Thus, for a 2-h reaction time, the resulting HFTTCS layer is much more dense and uniform.
Effect of HFTTCS concentration and plasma treatment time on HFTTCS monolayer
formation
By measuring the water contact angles of the modified surface at different reaction times,
we evaluated the effects of HFTTCS concentration on the fluoro-silanization reaction,
Figure 5. In general, for all conditions explored the initial rate of the fluoro-silane layer
formation was virtually the same with only subtle differences occurring at later reaction
times. In particular for [HFTTCS] = 1 × 10−3 M, the maximum WCA values obtained were
119 and 121° for a 30 s and 10 min oxygen plasma treatment time, respectively, and for
[HFTTCS] = 5 × 10−3 M, the maximum WCA values obtained were 125 and 126° for the
30s and 10 min plasma treatment time, respectively. Thus, increasing the concentration of
HFTTCS marginally increased the WCA value and hence the extent of fluorination. There
was no observable trend in the rate of HFTTCS monolayer formation with oxygen plasma
time (see Figure 5).

NIH-PA Author Manuscript

Fluorination of PMMA-based DMFDs
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We utilized the reaction procedure (see Scheme 1) to fluorinate microchannel surfaces
embossed into a PMMA substrate with a design outlined in Figure 1. Embossed PMMA
DMFDs and the PMMA cover plate were treated with an oxygen plasma for 30 s followed
by thermal fusion bonding of the cover plate onto the DMFD to enclose the fluidic network.
This was followed by flowing a 1 × 10−3 M solution of HFTTCS in FC-3283 through the
channels for 2 h at a volume flow rate of 2 μL min−1 followed by rinsing the fluidic network
with FC-3283 at a flow rate of 10 μL min−1 for 30 min. Liquid-liquid segmented flow tests
were conducted on this device with FC-3283 as the carrier fluid and de-ionized water as the
dispersed fluid. No significant improvements in the segmented flow stability were observed
compared to a device in which the surface was not modified. Both devices showed
significant wetting of the surface by water droplets within 1 h of operation. Therefore, it was
concluded that the fluoro-silanization reaction did not lead to complete coverage of the
PMMA surface by the fluorinated hydrocarbon. The probable reason for the lack of
improvement in the performance of the modified PMMA DMFD is due to the movement of
hydrophilic hydroxyl groups toward the bulk from the surface during thermal fusion
bonding and hence not available for fluorination reaction. It is known that polymer surfaces
containing hydrophilic groups that upon heating in air results in the movement of these
hydrophilic groups toward the bulk of the polymer.48 The rate of this process, also known as
hydrophobic recovery, increases significantly above Tg. This phenomenon is especially
prevalent for thermoplastics above their Tg due to the mobility of the polymer chains.48
The water contact angle of a PMMA film surface treated with 30 s oxygen plasma (PMMAO), heated to 104 °C for 20 min (PMMA-O-Th) and then fluorinated for 2 h (PMMA-O-ThF) was 73 ± 2°. This showed insignificant fluorination of the surface and explained the lack
of improvement in the performance of the fluorinated PMMA DMFD following thermal
assembly. This was further confirmed by XPS. The F1s/C1s ratio of the PMMA-O-Th-F
surface was 0.037, which was much less than the non-thermally-treated PMMA substrate
(1.347).
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To overcome this problem, the PMMA DMFD was first thermal fusion bonded with the
PMMA cover plate and the enclosed PMMA DMFD was subsequently treated with oxygen
plasma for 10 min and finally, the fluorination reaction was carried out on the assembled
device. To evaluate the effectiveness of the oxygen plasma treatment for the modification of
the PMMA surface inside the assembled chip, a hydroxyl group reactive dye, 5-(4,6dichlorotriazinyl)aminofluorescein, DTAF was used.49, 50 We found that the enclosed
PMMA cover plate after DTAF labeling and removed from the assembled device showed a
rather uniform fluorescence signal, whereas the control cover plate surface showed no
fluorescence signal. These data (Figure S-4, Supporting Information) indicated that the
oxygen plasma treatment effectively modified the PMMA surface inside the enclosed fluidic
device.
Effect of time delay between plasma treatment and the fluoro-silanization reaction
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We also evaluated whether the PMMA-O surface would undergo hydrophobic recovery
when remaining at room temperature for extended periods of time. Planar PMMA substrates
were treated with an oxygen plasma and then exposed to HFTTCS immediately, after 1 h
and then, after 2 h with the substrates stored at room temperature in all cases. The water and
hexadecane contact angles were investigated with the results summarized in Table 2. We
observed no significant differences in the contact angles even after a 2 h delay between the
plasma treatment and the subsequent HFTTCS reaction indicating that there was no
observable hydrophobic recovery during the time span investigated.
Evaluation of PMMA microfluidic devices with liquid-liquid segmented flows
To construct devices to be used for liquid-liquid segmented flow experiments, the following
protocol was used. First, the PMMA cover plate was thermally bonded to a molded PMMA
substrate containing the fluidic network. Then, oxygen plasma treatment was carried out on
the assembled chip that possessed reservoirs open to the atmosphere (see Figure 1). Because
access of oxygen plasma to the PMMA channel surfaces was limited by diffusion through
the channel network, we used an oxygen plasma treatment time of 10 min (see Figure S-4).
This step was followed by a 2 h reaction with 5 × 10−3 M HFTTCS/FC-3283 solution
flowed at 2 μL min−1 through the chip followed by rinsing the channel with FC-3283 at 10
μL min−1 for 30 min.
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To investigate the effects of fluoro-silanization on the wetting properties of the channel
walls of PMMA microfluidic devices during segmented flow operation, the advancing
(heads) and receding (tails) menisci of aqueous droplets flowing in both unmodified and
fluorinated microchannels were compared using the same operating conditions, Figure 6.
Surfactant was not used in these experiments in order to see the effects of surface
fluorination on the formation of distinct menisci shapes. The advancing water droplet
menisci were more rounded in the fluorinated PMMA microchannels relative to their
unmodified counterparts, as noted when comparing Figures 6A and 6B. These results were
indication of a lack of microchannel wall wetting by the aqueous droplets for the fluorinated
PMMA surface. For the pristine PMMA microchannel walls, they appeared to be wetted by
the aqueous droplets in the fluorocarbon-based carrier fluid because the apparent dynamic
wetting angle of the receding meniscus favored a higher meniscus curvature of opposite sign
relative to the advancing one. This capillary effect at the corners of the microchannels makes
the meniscus curvature more pronounced. In the case of the modified (fluorinated) PMMA
microchannel walls, the receding meniscus appeared flat, consistent with an increased
wetting angle with respect to the water droplet and therefore, a reduced capillary effect at
the corners.
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Another qualitative confirmation of the effect of fluorination of the polymer microchannel
walls was obtained through an experiment that promoted contact of the aqueous dispersed
fluid with the microchannel wall under static conditions (zero capillary number). This was
achieved through the following experimental protocol: 30 min of continuous injection of the
dispersed fluid (2 μL/min) and the carrier fluid (10 μL/min) without surfactant, halt
injection of the dispersed and carrier fluids and leave the chip under stationary conditions
for 12 h, restart injection at the same flow rates switching to a carrier fluid with surfactant
(FC 3283 + PFO 10% v/v). As shown in Figure 7A, the aqueous droplet wetted the untreated micro-channel surfaces and remained even after the addition of surfactant. This
resulted in highly irregular droplet flow throughout the test channel. To the contrary, the
aqueous droplets did not wet the fluorinated microchannel walls over the entire chip fluidic
network, Figure 7B, and as a result, highly regular droplet flows were achieved and
maintained throughout the fluorinated test microchannel.
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We surmised that the modification protocol outlined in Scheme 1 should be applicable to
other polymer surfaces as long as they possessed surface hydroxyl groups resulting from
oxygen plasma treatment. In order to evaluate this, we applied the reaction outlined in
Scheme 1 to other polymers, in particular PC and COC. The results shown in the Supporting
Information demonstrated that the surfaces of PC and COC could be fluorinated using the
protocol shown in Scheme 1. The PC and COC surfaces, upon fluorination, exhibited a
water contact angle of 115 ±2° and 116 ±2°, respectively, and the hexadecane contact angle
values were 77 ±1° and 76 ±2°, respectively. These values were nearly the same as those
found for the fluoro-silanized PMMA indicating that the layers formed on PC and COC
were similar in structure to that on PMMA. Angle-resolved XPS analyses indicated that
fluoro-silanization of oxygenated PC and COC surfaces occurred similarly to that found for
PMMA (see the XPS survey spectra for PC and COC in Figures S-1 and S-2, respectively).
In addition, the fluorination of PC and COC surfaces occurred with more surface selectivity
compared to the fluorination of the PMMA surface. We also found that using this reaction
scheme, the surface of glass and PDMS could also be fluorinated with high surface
selectivity (data not shown). A summary of water contact angle data for each step of the
fluorination reaction for PMMA, PC and COC are summarized in Table S-1 found in the
Supporting Information. Table S-2 contains a summary of the angle-resolved XPS data for
the pristine, oxygen plasma-treated and fluorinated surfaces for COC, PC and PMMA.

Conclusions

NIH-PA Author Manuscript

We have developed a simple procedure for the highly efficient fluorination of different
polymer substrates employed for the fabrication of microfluidic devices used to generate
segmented flows. In addition, the fluorination procedure reported herein is general enough
to be used with a variety of hydrophobic carrier fluids. In this procedure, polymer films were
oxidized using an oxygen plasma, which introduced hydroxyl and other oxygen-containing
hydrophilic groups such as carbonyl, carboxyl and peroxide moieties, onto the polymer film.
The oxidized polymer surface could then be reacted with a solution of
heptadecafluoro-1,1,2,2–tetrahydrodecyl trichlorosilane in a perfluoro liquid, FC-3283.
Water contact angle and XPS data showed that this reaction was complete within 2 h. The
reaction protocol was then modified for producing DMFDs to accommodate the surface
dynamics associated with polymer microfluidic devices using thermal fusion bonding, which
required heating the polymer above its Tg, to enclose the fluidic network. Instead of oxygen
plasma treatment prior to thermal fusion bonding, the substrate containing the molded
fluidic network and cover plate were bonded followed by oxygen plasma treating the
assembled device. In this fashion, the functional groups introduced by the oxygen plasma
remained on the surface and lead to the formation of a monolayer of perfluoro silane on the
fluidic channels’ surface. The modification protocol was applied to a PMMA DMFD and
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resulted in the generation of stable liquid-liquid segmented flows compared to PMMA
devices not fluorinated. The fluorination protocol adopted herein was also found to yield
similar results for other thermoplastics, such as PC and COC.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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The design of the PMMA microfluidic chip used to generate aqueous droplets is shown in
the upper panel. In the lower panel are SEMs of three different domains of the microfluidic
device; the cross-junction (A), the expansion from the 50 μm × 50 μm injection channel into
the 200 μm × 200 μm test channel (B) and the serpentine test channel (C).
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Figure 2.

X-ray photoelectron survey spectra of PMMA, PMMA-O and the HFTTCS-treated PMMA
(PMMA-O-F) surfaces. These spectra were recorded using a monochromatic AlKα X-ray
source at 150 W X-ray beam power with 80 eV pass energy. The thickness of the PMMA
film was 250 μm.
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Figure 3.

High-resolution C1s X-ray photoelectron spectra of a perfluoro silane treated PMMA
surface (PMMA-O-F). These spectra were recorded using a monochromatic Al Kα X-ray
source at 150 W X-ray beam power with 40 eV pass energy. Curve fitting of the C1s peak
(X2 = 0.71) gave rise to 5 peaks corresponding to a hydrocarbon (–CHx-) at 284.6 eV,
carbon attached to an oxygen atom (C-O) and a carboxyl group (-O-C=O-) at 286.2 and
289.1 eV, respectively, and two peaks at 291.7 and 294.1 eV associated with –CF2- and CF3 groups. The thickness of the PMMA film used was 250 μm.
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Figure 4.
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Sessile-drop water (blue squares, solid line) and hexadecane (black circles, dashed line)
contact angles on PMMA-O surfaces after their reaction with 1 × 10−3 M HFTTCS in
FC-3283 for different time periods.
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Figure 5.

Water contact angles of PMMA surfaces plasma treated for 30 s and 10 min and then
exposed to 1 × 10−3 M (1×) or 5 × 10−3 M (5×) heptadecafluoro-1,1,2,2–tetrahydrodecyl
trichlorosilane in FC-3283 for different time intervals (reaction time).
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Figure 6.

Different advancing (dotted square) and receding (dotted circle) menisci of segmented
aqueous droplets flowing in (A) pristine and (B) fluorinated PMMA microchannels.
FC-3283 was used as the carrier fluid using a volume flow rate of 10 μL min−1 and the
dispersed fluid at 2 μL min−1. Arrows denote the flow direction. Magnified and enhanced
images are shown on the far left of the figures. Section B and part of section C of the
microfluidic device shown in Figure 1 are shown here.
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Figure 7.

Wetting and non-wetting of channel surfaces by aqueous droplets on the surfaces of (A)
pristine and (B) fluorinated PMMA microchannels. Images were taken after the following
working protocol: 30 min of continuous injection of the dispersed fluid (2 μL min−1) and the
carrier fluid (10 μL min−1) without surfactant, halting injection of the dispersed and carrier
fluids and leaving the chip under stationary conditions for 12 h, restarting injection at the
same flow rates and switching to a carrier fluid with surfactant (FC 3283 + PFO 10% v/v).
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Scheme 1.

Reaction scheme used for the fluorination of various polymer surfaces using PMMA as an
example in this depiction.
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The F1s/C1s ratio obtained at two different XPS take-off angles (ToA) for PMMA-O surfaces reacted with
HFTTCS for 1 and 2 h.
Sample

F1s/C1s ratio
ToA = 30°

ToA = 90°

PMMA-O-F (1h)

1.003

0.816

PMMA-O-F (2h)

1.364

1.347
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Effects of time delay between oxygen plasma treatment and the fluoro-silanization reaction on the extent of
fluorination of the PMMA surface measured by water and hexadecane contact angle measurements.
Time delay between oxygen plasma
treatment and fluoro-silane treatment

Water
contact angle

Hexadecane
contact
angle

No delay

121 ± 4°

82 ± 2°

1h

121 ± 1°

81 ± 1°

2h

120 ± 2°

82 ± 1°
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